The circadian and seasonal actions of melatonin are mediated by high affinity G-31 protein coupled receptors (melatonin receptors, MTRs), classified into 32 phylogenetically distinct subtypes based on sequence divergence and 33 pharmacological characteristics. Three vertebrate MTR subtypes are currently 34 described: MT1 (MTNR1A), MT2 (MTNR1B), and Mel1c (MTNR1C / GPR50), which 35 exhibit distinct affinities, tissue distributions and signaling properties. We present 36 phylogenetic and comparative genomic analyses supporting a revised classification 37 of the vertebrate MTR family. We demonstrate four ancestral vertebrate MTRs, 38
provides details of all protein sequences 158 used for phylogenetic analyses of the vertebrate MTR family. Table S2 ancestor. However, the phylogenetic affinity of the four MTRs remains equivocal in 202 the BY analysis, with moderate support for Mel1d/MT1 (PP: 0.87) and MT2/Mel1C 203 (PP: 0.53) being paralogues, which can be explained parsimoniously by 2R ( Fig. 1) . 204 205
Evolutionary history of individual vertebrate MTRs 206
Expanding on the above findings, we reconstructed a more detailed evolutionary 207 history for each ancestral MTR in jawed vertebrates, accommodating gene losses, in 208 addition to gains resulting from WGD events in teleosts (summarized in Fig. 2) . 209
210
Mel1d was encoded by a single gene in all represented species (Fig. 1, Fig. 2a ) 211
including teleosts, consistent with the loss of any paralogues created during Ts3R 212 and Ss4R. In lobe-finned fish, Mel1d was identified in a coelacanth, an amphibian, 213 and two reptiles, but was not identified in the mammals and birds represented in our 214 trees ( Fig. 2a) . As only a small number of bird and mammals were included, we 215 decided to search more broadly for Mel1d orthologues. Hence, BLAST searches of 216 the complete set of proteins stored in NCBI for mammals (~4.6 million) and birds 217 (~2.8 million) were done using reptile Mel1d orthologues as the query. Though 218 hundreds of bird and mammal genomes are available in NCBI with protein-level 219 annotations (spanning the diversity of each lineage), the top mammal/bird hit for 220 reptile Mel1D was always MT1/MTNR1A (not shown). Considering our current 221 understanding of amniote phylogeny (e.g. Chiari et al. 2012), our data requires that 222 independent losses of Mel1d occurred in the ancestors to birds and mammals. 223
224
For all studied vertebrate species outside teleosts, we identified one copy of MT1, 225 barring spotted gar, where MT1 was not identified (Fig. 1, Fig. 2b) ; its trace was 226 retrieved in the genome after further analyses (see section below), representing a 227 sequence annotated as a pseudogene. Several teleost species retain two or more 228 ancestral MT1 copies (PP: 0.99, Fig. 1 ), which can be explained by Ts3R. These 229 duplicates have been annotated in zebrafish as "Mtnr1aa" and "Mtnr1ab" (ZFIN 2008 230 -ZNC nomenclature, cloned as '"ZMel1a1" and "ZMel1a3" by Shang & Zhdanova 231 2007). Consequently, we maintained the same 'a' and 'b' nomenclature in all species 232 according to inferences of orthology with zebrafish ( Fig. 1) . The two teleost-specific 233 MT1 paralogues were not present in all teleost lineages, with MT1b absent from the 234 studied acanthopterygians (tilapia and pufferfish). Salmonid-specific paralogues of 235
MT1a (MT1a1 and 1a2) were identified, ancestral to three salmonid species (PP: 1.0, 236 Fig. 2b) , consistent with retention from Ss4R, though only a single copy of MT1b was 237 retained in the same three species, suggesting ancestral loss following Ss4R ( Fig. 1,  238 
Fig. 2b). 239 240
We identified one copy of MT2 in non-teleost vertebrate lineages, and evidence for 241 teleost-specific paralogues (Fig. 2c) . Two MT2 paralogues were identified in 242
Ostariophysi members (zebrafish and Mexican cavefish) and northern pike 243 (Protacanthoptergii); however, only one MT2 copy was identified in Acanthopterygii 244 members (Nile tilapia and pufferfish) ( Fig. 1, Fig. 2c ). Branching patterns among 245 these duplicates were not well resolved when considering species phylogeny. An 246 ancestral teleost duplication event (e.g. Ts3R) predicts two paralogous MT2 teleost 247 clades, each containing teleosts branching after expected species relationships (as 248 seen for MT1a/b). However, a clade containing zebrafish "Mtnr1ba" (ZFIN 2008, 249 "ZMel1b2" in Shang & Zhdanova 2007) branched outside other fish (including the 250 non-teleost spotted gar) in both the BY and ML trees ( Fig. 1 and S1 ). Internal to the 251 spotted gar, there were two teleost MT2 clades, one containing zebrafish "Mtnr1bb" northern pike sequence and all MT2 sequences from salmonids. Given the strong 255 support for the clade containing zebrafish "Mtnr1bb" (PP:1.0, Bootstrap support: 256 100%), we considered all sequences therein to be orthologous, and named them 257
MT2b (to maintain the zebrafish "b" nomenclature) ( Fig. 2c) . We named the 258 remaining teleost MT2 sequences as MT2a ( Fig. 2c) , under the hypothesis that 259 orthology to zebrafish MT2a was obscured by a long-branch attraction artefact (note 260 the long-branch length leading to Ostariophysi members for MT2a; Fig. S1 ). This 261 scenario is parsimonious, as it allows for a single ancestral teleost duplication (e.g. 262 Ts3R) rather than several lineage-specific MT2 gains. Accordingly, we propose that 263
MT2a was lost in the ancestor to Oreochromis and Takifugu, while two salmonid 264 duplicates of MT2a (MT2a1 and 2a2) were retained from Ss4R ( Fig. 1 and S1, Fig.  265 2c). No copies of MT2b were identified in salmonids, suggesting a loss in the 266 common salmonid ancestor ( Fig. 2c) . identified in all teleosts barring salmonids, which evidently lack Mel1c (Fig. 2d) . This 271 is consistent with a scenario where one Mel1c paralogue was lost early following 272
Ts3R, and an additional loss occurred in the common salmonid ancestor ( Fig. 2d) . 273
274

Synteny analysis supports phylogenetic assignment of vertebrate MTRs 275
Next, to gain an independent line of evidence to support our phylogenetic 276 reconstructions, we compared the genomic regions harboring MTR-encoding genes 277 among a range of vertebrate lineages. The local gene neighborhood containing each 278 MTR family member was more or less conserved across jawed vertebrate evolution, 279 defining identifiable synteny groups specific to each ancestral MTR ( Fig. 3) , including 280 teleost and salmonid-specific paralogues (Fig. 4) . The genomic neighborhood 281 containing the single MTR locus of lampreys did not conserve synteny with an 282 equivalent region containing any single MTR gene in gnathostomes. Instead, the 283 genes surrounding the single MTR locus of lampreys showed notable similarity to a 284 combination of genes located around the various gnathostome MTRs (Fig. 4e) . This 285 lends support to an ancestral origin of MTRs in the vertebrate lineage, but does not 286 allow us to pinpoint the relationship of lamprey MTR to the four MTR family members 287 of jawed vertebrates. One possible interpretation is that the duplications generating 
Genetic linkage between MTR and FAT genes 298
Tandem-linked MTR and FAT protocadherin gene family members are strongly 299 conserved in all vertebrates ( Fig. 3, Fig. 4) . Specifically, MT1, Mel1d, and MT2 were 300 almost always in tandem with FAT1, 2, and 3, respectively ( Fig. 3, Fig. 4 ). This 301 association was absent for Mel1c, in addition to MTR co-orthologues from a sea 302 squirt ( Fig. 3f ) and the Florida lancelet (not shown), defining this as a vertebrate-303 specific feature. Past studies have noted genetic linkage between MTR and FAT 304 genes. For example, the FAT3-MT2 locus is involved in diabetes risk, with several 305
SNPs involved in disease located between the two genes, implying potential 306 for co-evolution of these loci is yet to be determined, the tandem organization of FAT 308 and MTR genes indicates selective pressure to maintain an association that may be 309 underpinned by a conserved feature of vertebrate physiology. 310 311 FAT family sequences also provide an independent source of phylogenetic 312 information that may help reconstruct the evolution of the genomic regions containing 313 linked MTR genes. In an ML analysis performed with FAT proteins from 314 representative vertebrate species, we observed three clades (FAT1, 2 and 3) that 315 branched according to expected species relationships ( Fig. 5) . When the ML tree 316 was midpoint rooted, FAT1 (linked to MT1) and FAT2 (linked to Mel1d) were sister 317 groups ( Fig. 5) , consistent with the sister relationship of MT1 and Mel1d recovered 318 by the MTR phylogeny. Further, the teleost duplications observed for MTR genes 319 were clearly identifiable in the respective tandem FAT genes ( Fig. 5) . Finally, the 320 well-supported branching of salmonid FAT3a sequences with zebrafish FAT3a (i.e. 321 linked to the MT2a gene, Fig 3c) adds weight to the hypothesis that salmonid/pike 322 MT2 sequences are orthologous to zebrafish MT2a (Fig. 2c) . 323 324
Synteny analyses support MTR losses 325
The conservation of synteny across vertebrate taxa in genomic regions containing 326
MTR genes provides useful information on MTR genes inferred to be absent in 327 sequence databases. In this respect, we observed that the genomic regions 328
containing Mel1d in reptiles, frogs and fishes have matched syntenic regions in the 329 human and chicken genomes ( Fig. 3d) . Consequently, the regions predicted to 330
contain Mel1d in human and chicken have been properly assembled and are 331 otherwise well annotated, consistent with bone-fide genetic losses of Mel1d in these 332 15 species. The same approach allowed us to detect a pseudogene likely to be a 333 vestige of Mel1c in Atlantic salmon (LOC106568030) (Fig. 3d) , and a gene 334 annotated as 'non-coding' bearing similarity with MT1 (according to BLAST) at the 335 predicted MT1 locus in spotted gar (LOC107077181) (Fig. 3a) . Further, a second 336 FAT2 paralogue was detected in Atlantic salmon, supporting our previous conclusion 337 of an ancestral loss of one Mel1d copy following Ss4R. Similarly, a second FAT3 338 paralogue was detected in Oreochromis, non-paired with an MTR2 gene ( Fig. 3c) , 339
confirming the loss of MT2a in this species. 340 341
Comparative sequence analysis of Mel1d with other MTRs 342
Having established that Mel1d is an ancestral vertebrate MTR, we sought to compare 343 the primary amino acid sequence of this molecule to other MTR family members, 344 hoping to gain clues on its function considering existing literature ( Fig. 6) . Other key sites conserved in Mel1d included cysteine-78 and cysteine-155, 363 responsible for a conserved disulfide bridge essential to MTR structure (Fig. 6) . In It seems important to ask why Mel1d has previously been missed as a unique MTR, 426 when the gene is readily detectable in sequence databases. This is likely partly due 427 to a historic assumption that the MTR gene family structure of birds and mammals 428 (i.e. MT1, MT2 and Mel1c) is representative for all vertebrates. Mel1d has high 429 similarity with MT1, and has tended to be named 'mtnr1a-like' in genome databases. according to our findings. Our study benefits from a much broader survey of 437 vertebrate MTR sequences, allowing us to conclude that Mel1d is at least 450 million 438 years old, having been present in the jawed vertebrate ancestor. 439
440
Our phylogenetic reconstruction of MTRs will help the field going forwards, as 441 researchers can be certain of which family member (including teleost-specific 442 paralogues) they are studying, allowing more reliable conclusions in comparative 443 studies of function and gene expression. We show that teleost-specific paralogues of 444 MT1 are easily distinguished from Mel1d and provide a scheme to allow researchers 445 to match teleost MTRs formerly named under several nomenclature systems to a 446 single phylogenetically-assigned naming system accommodating orthologues and 447 paralogues ( Table 1) . 448 449
Insights into Mel1d function: reinterpreting expression data in teleosts 450
While not being previously recognized as a unique vertebrate MTR, Mel1d has 451 already been studied in various teleosts (Table 1) (Park et al. 2006, 2007a,b) . Daily 478 rhythmicity in Mel1d expression has also been observed in peripheral tissues (liver 479 and kidney) of golden rabbitfish, with higher expression during the day, opposite to 480 the brain/retina (Park et al. 2006, 2007b) . In addition to daily variation in regulation, 481
Mel1d expression is regulated by other cycles, for example showing semilunar 482 oscillation in the diencephalon of mudskipper (Hong et al. 2014) and ultradiurnal 483 oscillation in a marine pufferfish, which may be circatidal (Ikegami et al. 2015) . 484
Mel1d expression in the Senegalese sole exhibited stronger day-to-night and 485 seasonal variation than other MTR family members, with reciprocal differences 486 recorded between retina and optic tectum (Confente et al. 2010) . Therefore, past 487 work shows that Mel1d is regulated during multiple biological cycles in teleosts, 488
showing variations distinct from other MTRs, implying functional distinctiveness. 489 490
Functional divergence between Mel1d and MT1? 491
High protein-level similarity between Mel1d and MT1, taken with the conservation of 492
all key residues in the MTR transmembrane domains, strongly implies that Mel1d 493 binds melatonin. Notably, residues showing conserved replacements between Mel1d 494 and MT1 are all located in extracellular or cytoplasmic loops, which is predicted to 495 impact interactions with other proteins, in particular signalling partners, rather than 496 melatonin. Strikingly, one of these sites corresponds to a documented human MT1 497 mutation studied in vitro (Chaste et al. 2010) . The replacement of glycine-144 (MT1) 498 with glutamic acid or aspartic acid corresponds to a G166E mutation in human MT1, 499 associated with impaired activation of cAMP signalling, despite retention of strong 500 melatonin binding (Chaste et al. 2010) . The elephant shark retains glutamic acid at 501 this position in both MT1 and Mel1d, suggesting this represents the ancestral state, 502 with functional divergence arising in the common ancestor to lobe and ray-finned 503 fishes. It is also intriguing to observe that Mel1d of two tetrapods have apparently 504 reverted to glycine in this position, indicating selection towards the ancestral residue. 505 506
Why was Mel1d lost in mammals and birds? 507
Further work will be needed to establish the extent of conservation in Mel1d function 508 and regulation across different vertebrate lineages. This should focus on reptiles and 509 amphibians, where the function of this gene has not been studied experimentally. Mel1d is the only MTR to be up-regulated at night. It is therefore possible that Mel1d 542 is involved in skin physiology and pigment regulation in fish chromatophores. 543 544
Expansion of the MTR repertoire of teleosts 545
Contrary to mammals/birds, there has been a trend towards evolutionary expansion 546 in the MTR repertoire of teleosts, as observed in many gene families with paralogues 547 retained from Ts3R (Glasauer and Neuhauss, 2014) and Ss4R (Houston and 548 Macqueen, 2019). Interestingly, not all MTR family members were affected equally. 549
While we identified multiple paralogous copies of MT1 and MT2 -presumed to have 550 been retained from Ts3R and Ss4R -Mel1c and Mel1d were always single copy, 551 requiring repeated losses of paralogues generated during gene duplication or WGD 552 events. This is compatible with a hypothesis where the functions or expression-level 553 regulation of MT1 and MT2 can be divided among paralogous copies, following the vs. MT1b and MT2a vs. MT2b (Fig. 6) , consistent with protein-level functional 558 divergence. Conversely, selection has operated in a distinct manner for Mel1c and 559 Mel1d, with any duplicates generated being quickly purged by selection for reasons 560 that remain to be established, but potentially linked to dosage constraints, or a 561 mechanism of regulation that cannot be divided across distinct loci. 
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